Chronic inflammation is associated with multiple human disorders, such as rheumatoid arthritis, metabolic diseases, and neurodegenerative diseases. Therefore, alleviation of inflammation induced by environmental stimuli is important for disease prevention or treatment. Cereblon (CRBN) functions as a substrate receptor of the cullin-4 RING E3 ligase to mediate protein ubiquitination and degradation. Although it has been reported that CRBN reduces the inflammatory response through its nonenzymatic function, its role as a substrate receptor of the E3 ligase is not explored in mediating this process. Here we used a quantitative proteomics approach to find that the major compo- 
linked polyubiquitin chains on c-Jun, enhancing c-Jun degradation. We further reveal that CRBN attenuates the transcriptional activity of the AP-1 complex and reduces the mRNA expression and protein level of several pro-inflammatory cytokines. Moreover, flow cytometry analyses show that CRBN attenuates lipopolysaccharide-induced apoptosis in differentiated THP-1 cells. Through genetic manipulation and pharmacological inhibition, we uncover a new molecular mechanism by which CRBN regulates the inflammatory response and apoptosis induced by lipopolysaccharide. Our work and previous studies demonstrate that CRBN suppresses the inflammatory response by promoting or inhibiting the ubiquitination of two key molecules at different levels of the inflammatory cascade through its enzymatic function as a substrate receptor and its nonenzymatic function as a protein binding partner.
Inflammation is an adaptive response triggered by exogenous stimuli, such as UV light, environmental toxins, lipopolysaccharide (LPS), 3 reactive oxygen species, and endogenous inducers resulting from stressed, damaged, and malfunctioning tissues (1) . It has been reported that chronic inflammation is associated with many health problems, such as rheumatoid arthritis (2) , inflammatory bowel disease (3), atherosclerosis (4), neurodegenerative diseases (5, 6) , metabolic diseases (7), and acute pancreatitis (8) . Two critical inflammatory signaling pathways frequently activated in the inflammatory response are the NF-B and activator protein 1 (AP-1) pathways (9 -11) . Some triggers, such as ligands of Toll-like receptors (12) , tumor necrosis factor (TNF) receptors (13) , and interleukin-1 receptors (14) , can activate both the NF-B and AP-1 signaling pathways through regulation of their common upstream mediators (15). Alleviation of the inflammatory response by interfering with these mediators is a potential therapeutic strategy for the treatment of inflammation-associated diseases, including cancer (16) . New regulators for the signaling pathways involved in the inflammatory response are still being uncovered, which may lead to the discovery of novel molecular targets for intervention with the inflammatory response.
NF-B and AP-1 are the two most extensively studied transcription factor complexes that respond to inflammatory stimuli. Both the NF-B and the AP-1 signaling pathways can be activated by LPS and TNF␣ through TNF receptor-associated factor 6 (TRAF6) and transforming growth factor ␤-activated kinase 1 (TAK1) (17, 18) . In the NF-B pathway, inflammatory stimuli trigger phosphorylation and promote the subsequent ubiquitination of inhibitor of NF-B (IB) or the NF-B p100 subunit for their degradation, thus liberating and translocating the NF-B complex to the nucleus (19) . In the AP-1 pathway, the basic leucine zipper family protein c-Jun is first phosphorylated by c-Jun N-terminal kinase (JNK) or mitogen-activated protein kinase/extracellular signal-regulated kinase and then forms a transcriptionally active dimer with itself or other proteins, such as c-Fos (20 -22) . Activation of these two pathways enhances the expression of inflammatory cytokines, including inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2 or prostaglandin G/H synthase 2), interleukin-1␤ (IL-1␤), and IL-6 (23) . AP-1 transcriptional activity participates in the regulation of cell proliferation, survival, and apoptosis (24, 25) . Apoptosis is a programmed cell death process in which caspases are activated to cleave their downstream targets, leading to the DNA fragmentation and the formation of apoptotic bodies for further lysis. Both pro-apoptotic genes, such as caspases, and anti-apoptotic genes, such as BCL2 and survivin, are mediated during this process, and their overall effect determines the cell fate (25) . Although LPS is an inflammatory stimulus, it can induce apoptosis of macrophages (26) , and this process can be mediated by autocrine production of TNF␣ (26) and activation of the JNK/AP-1 signaling pathway (27, 28) . Therefore, modulating the AP-1 signaling pathway is a promising therapeutic strategy for the treatment of inflammation-associated diseases (29) .
Many studies have demonstrated that CRBN is a substrate receptor of a cullin-4 RING E3 ligase (CRL4), which consists of damage-specific DNA-binding protein 1 (DDB1), cullin-4A/B, and the RING-box protein ROC1 (30 -34) . This E3 ligase, CRL4-CRBN, can mediate the ubiquitination and degradation of endogenous substrates, such as the homeobox protein MEIS2 (32) , calcium-activated potassium channel subunit ␣-1 (34), glutamine synthetase (35, 36) , adenosine monophosphate-activated protein kinase subunit ␣1 (37), chloride channel protein 1 (38) , argonaute 2 (39) , and amyloid precursor protein (40) . Immunomodulatory drugs (IMiDs), including thalidomide and its structural analogs lenalidomide and pomalidomide, are a class of compounds that can be used to alleviate the inflammatory response. However, how CRBN regulates inflammation has only begun to unfold (41) . It has been reported that CRBN binds to the ubiquitination domain of TRAF6 and attenuates the ubiquitination of TRAF6 and TAK1-binding protein 2 (TAB2), leading to suppression of NF-B activation by negatively regulating the Toll-like receptor 4 (TLR4) signaling pathway (41) . This discovery revealed the important nonenzymatic function of CRBN in the regulation of inflammation. Indeed, it has also been found that the nonenzymatic function of CRBN prevents the formation of protein aggregates caused by pathological mutations of huntingtin (Htt) and TAR DNA-binding protein 43 (TDP43) in cell lines and animal tissues (42) .
Although it has been demonstrated that CRBN regulates LPS-induced inflammation through its nonenzymatic function, whether the enzymatic activity of the CRBN-associated E3 ligase is also involved in mediating inflammation has not been explored. Because the CRL4 E3 ligases mainly target proteins for ubiquitination and proteasomal degradation, we hypothesize that CRBN may also exhibit its function as the substrate receptor of the CRL4-CRBN E3 ligase in response to inflammatory stimuli. In this work, we identify c-Jun as a significantly down-regulated protein upon CRBN expression using a quantitative proteomics approach. Biochemical experiments reveal that CRBN interacts with c-Jun, enhances its Lys 48 -linked polyubiquitination, promotes its degradation, and thus reduces its protein level. We also find that CRBN expression attenuates the transcriptional activity of the AP-1 complex and reduces the gene expression and protein level of four pro-inflammatory cytokines upon LPS stimulation. We further explore the molecular mechanism by which CRBN regulates the inflammatory response using siRNA and pharmacological inhibition. Flow cytometry analyses further discover that CRBN attenuates LPSinduced apoptosis. Taken together, this work reveals a new molecular mechanism by which CRBN regulates the inflammatory response and apoptosis upon LPS stimulation.
Results

CRBN down-regulates the c-Jun protein level
To explore the potential functions of CRBN and its associated E3 ligase CRL4-CRBN, we used stable isotope labeling of amino acids by cell culture to identify proteins that are downregulated by expressing CRBN in HEK293T cells. Among the identified peptides, we detected three tryptic peptides derived from c-Jun (Fig. 1A) . The MS/MS spectra of one peptide were detected in both the light and heavy arginine-labeled samples. The average relative ratio of the MS signals of these peptides from the CRBN-expressed sample to the mock-expressed sample was about 0.54. A representative MS/MS spectrum with the annotated b and y ions indicated confident identification of the peptide and protein (Fig. 1B) . A representative MS spectrum provided the relative intensity of the light and heavy argininelabeled peptides derived from two samples (Fig. 1C) . Two biological replicates resulted in similar relative ratios of the MS signals for the c-Jun tryptic peptides derived from two samples.
We further used biochemical approaches to validate the effect of CRBN on c-Jun protein level in cells and animal tissue. Immunoblotting of cell lysates obtained from HEK293T cells transfected with the pcDNA3.1 or HA-CRBN plasmid showed that CRBN expression significantly reduced the c-Jun protein level (Fig. 1D ) and that this reduction was dose-dependent (Fig.  S1) . Similarly, siRNA knockdown of CRBN in HEK293T cells increased the c-Jun protein level (Fig. 1E) . To further examine whether this effect was regulated by the CRL4 E3 ligase, we transfected full-length (FL) Cul4A and a deletion mutant Cul4A(⌬) (43), which did not form CRL4 E3 ligase, into HEK293T cells. Immunoblotting of cell lysates showed that Cul4A FL, but not Cul4A(⌬), attenuated the c-Jun protein level (Fig. 1F) . Furthermore, the c-Jun protein level was significantly increased (Fig. 1G ) in brain lysates of Crbn knockout mice, further supporting regulation of the c-Jun protein level by CRBN under physiological conditions. Taken together, these data indicate that CRBN reduces c-Jun protein level, suggesting that c-Jun might be a substrate of the CRL4-CRBN E3 ligase.
CRBN interacts and colocalizes with c-Jun
Because CRBN reduced the c-Jun protein level, we attempted to determine whether c-Jun was a substrate of the CRL4-CRBN E3 ligase. To do so, we first tested whether CRBN interacted with c-Jun. We transfected the pcDNA3.1, HA-CRBN, Strep-FLAG (SF)-c-Jun, or SF-c-Jun and HA-CRBN plasmids into HEK293T cells and purified SF-c-Jun with Strep-Tactinagarose beads. Immunoblotting of cell lysates and affinity-purified samples indicated that c-Jun interacted with CRBN ( Fig.  2A) . To examine whether the endogenous proteins also inter-
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acted with each other, we immunoprecipitated either CRBN or c-Jun from cell lysates obtained from HEK293T cells or LPSstimulated murine macrophage Raw264.7 cells. Here, Raw264.7 cells were treated with LPS to enhance c-Jun expression. The immunoblotting results clearly demonstrated that endogenous CRBN and c-Jun interacted with each other (Fig. 2B) . To further support this result, we expressed SF-c-Jun along with either GFP or GFP-CRBN in HEK293 cells and immunostained the cells for FLAG (c-Jun). The resulting fluorescence images demonstrated that c-Jun colocalized with CRBN (Fig. 2C) , which is consistent with their interaction obtained from affinity purification and immunoblotting analyses. The immunostaining also revealed that c-Jun was mainly localized in the nucleus, which is in agreement with a previous study (44) and the fact that c-Jun is a major component of the AP-1 transcription factor. To determine which region in CRBN interacts with c-Jun, we further constructed a series of C-terminal truncation mutants and transfected them into HEK293T cells. The affinity purification and immunoblotting experiments showed that the CRBN N-terminal region (1-81 amino acids) interacted with ϩ , m/z, ⌬mass, and heavy to light ratio were depicted. The m/z value for the isotope peaks from the light and heavy samples were labeled. D, CRBN overexpression reduces the c-Jun protein level. HEK293T cells were transfected with the pcDNA3.1 or HA-CRBN plasmid using PEI transfection reagent for 48 h. Cell lysates were analyzed by Western blotting (WB) with the indicated antibodies. The means and standard deviations were depicted, and the p value was calculated using Student's t test with data from three biological replicates. **, p Ͻ 0.01. E, siRNA knockdown CRBN increases the c-Jun protein level. HEK293T cells were transfected with siNC and siCRBN using Lipofectamine 2000 for 48 h. Samples and data were analyzed as described in D. *, p Ͻ 0.05; **, p Ͻ 0.01. F, Cul4A FL, but not the deletion mutant Cul4A(⌬), decreases the c-Jun protein level. HEK293T cells were transfected with Cul4A FL or the Cul4A(⌬) plasmid using PEI transfection reagent for 48 h. Samples and data were analyzed as described in D. *, p Ͻ 0.05; ns, not significant. G, the c-Jun protein level is increased in brain tissue of Crbn knockout mice. Brain lysates obtained from WT and Crbn knockout mice were immunoblotted with the indicated antibodies. Experiments were carried out with three biological replicates, and quantification was performed as described in D. **, p Ͻ 0.01. 
c-Jun (Fig. S2) , whereas the mutant lacking the 1-81 amino acids, the 82-442 mutant, could not interact with c-Jun (Fig.  2D ). Taken together, these results clearly demonstrate that CRBN interacts with c-Jun.
Proteasomal inhibition attenuates CRBN-mediated c-Jun degradation
The protein level can be regulated both at the transcriptional level and at the posttranslational level. To determine which process affects the c-Jun protein level, we first performed a qPCR experiment for c-Jun upon expressing the control or CRBN plasmid in HEK293T cells. The result indicated that CRBN did not affect the c-Jun transcription level (Fig. S3 ), suggesting that this regulation might occur at the posttranslational level. We then used cycloheximide (CHX) to inhibit protein synthesis and immunoblotted the cell lysates obtained at different time points after CHX treatment to examine the regulation of c-Jun degradation by CRBN. The immunoblotting images showed that CRBN could accelerate c-Jun degradation, resulting in a reduction of its half-life from more than 8 h to about 5 h (Fig. 3A) .
Because CRBN is a substrate receptor of the CRL4 E3 ligase, which recognizes specific targets for ubiquitination and subsequent degradation by the ubiquitin-proteasome system (UPS), we speculated that the regulation of c-Jun protein by CRBN might be caused by the same mechanism. We further transfected the pcDNA3.1 or HA-CRBN plasmid into HEK293T cells and detected the c-Jun protein level in the presence or absence of a proteasome inhibitor, MG132. The immunoblotting and statistical results demonstrate that MG132 prevents c-Jun from CRBN-mediated degradation (Fig. 3B) , suggesting that the reduction of c-Jun protein by CRBN is most probably subjected to the UPS.
CRBN promotes the formation of Lys
-linked polyubiquitin chains on c-Jun
To further determine whether CRBN affects the ubiquitination of c-Jun, we cotransfected two plasmids expressing the CRL4 E3 ligase components glutathione S-transferase-DDB1 and FLAG-Cul4A along with the Myc-Ub, SF-c-Jun, and/or HA-CRBN plasmids into HEK293T cells. At 48 h post-transfection, cells were treated with MG132, and SF-c-Jun was affinitypurified. Immunoblotting of cell lysates and purified samples with an anti-ubiquitin antibody revealed that CRBN could markedly enhance c-Jun ubiquitination (Fig. 3C) . However, the 82-442 mutant did not increase c-Jun ubiquitination (Fig. S4) , which is consistent with the evidence showing that it cannot interact with c-Jun. To further validate this result, we knocked down CRBN using siRNA along with the expression of CRL4 E3 ligase components and ubiquitin. CRBN knockdown significantly decreased c-Jun ubiquitination (Fig. 3D) , further supporting the fact that CRBN mediates c-Jun ubiquitination. Given that CRBN promotes c-Jun ubiquitination and degradation and that Lys 48 -linked polyubiquitin chains are the major type of ubiquitination targeted for proteasomal degradation, we thought that CRBN might promote the formation of the Lys 48 -linked polyubiquitin chains on c-Jun. To justify this hypothesis, we transfected WT ubiquitin and the K48R or K63R mutant, which cannot form Lys 48 -or Lys 63 -linked polyubiquitin chains, respectively, into HEK293T cells in the presence of CRBN, DDB1, and Cul4A. The immunoblotting of affinity-purified c-Jun showed that c-Jun ubiquitination almost completely disappeared in cells expressing the K48R mutant (Fig. 3E ), whereas the K63R mutant did not affect c-Jun ubiquitination, suggesting that the ubiquitination formed on c-Jun by CRBN was mainly Lys 48 -linked polyubiquitin chains. These data further demonstrate that CRBN-mediated c-Jun ubiquitination leads to its degradation.
CRBN attenuates AP-1 transcriptional activity and reduces iNOS and COX-2 protein levels in LPS-stimulated Raw264.7 cells
c-Jun forms the transcription factor AP-1 complex with its interacting partner, such as c-Jun itself or c-Fos (20 -22) . Activation of the AP-1 complex can be modulated by regulating the expression or activation of c-Jun because c-Jun is the major component of this complex (45) . Our above experiments demonstrated that CRBN interacted with c-Jun and promoted its ubiquitination and proteasomal degradation. Therefore, we asked whether CRBN could regulate the inflammatory response. First, we carried out a luciferase reporter assay to test whether CRBN regulates AP-1 transcriptional activity. We transfected the pcDNA3.1 or HA-CRBN plasmid along with the AP-1 firefly luciferase reporter plasmid and the Renilla luciferase control reporter vector into Raw264.7 cells. 36 h post-transfection, cells were treated with or without LPS for 12 h, and AP-1 luciferase activity was measured with the Dual-Luciferase reporter assay system. During data processing, the firefly luciferase signal was first divided by the Renilla luciferase signal and further normalized to the ratio from the pcDNA3.1 control sample. The result indicates that CRBN significantly reduces AP-1 luciferase activity in LPS-stimulated cells (Fig. 4A) .
The transcription factor AP-1 complex activates gene expression of inflammatory cytokines. Because CRBN regulated the c-Jun protein level and AP-1 luciferase activity, we next measured the mRNA level of four inflammatory cytokines: COX-2, iNOS, IL-1␤, and IL-6. Again, we transfected the pcDNA3.1 or HA-CRBN plasmid into Raw264.7 cells and treated the cells with PBS or LPS for 12 h, followed by qPCR analysis. The result clearly demonstrated that CRBN could reduce the mRNA level of all four tested pro-inflammatory cytokines (Fig. 4B) . Immunoblotting of cell lysates showed that CRBN expression markedly reduced COX-2 and iNOS protein levels in LPS-induced cells (Fig. 4C ), although these two proteins were not detected in the PBS-treated samples. Consistently, knockdown of CRBN clearly increased these two proteins in LPS-stimulated cells (Fig. 4D) . Taken together, these results demonstrate that CRBN could regulate the downstream targets of the AP-1 signaling pathway.
CRBN attenuates the inflammatory response by down-regulating c-Jun
Our above experiments revealed that CRBN reduced AP-1 transcriptional activity under LPS stimulation. c-Jun is the major component of the AP-1 complex, and CRBN down-regulates c-Jun. Therefore, we thought that this reduction might CRBN suppresses the inflammatory response 
CRBN suppresses the inflammatory response
be regulated by down-regulation of c-Jun. It has also been reported that CRBN can inhibit the inflammatory response by attenuating the activity of the transcription factor NF-B (41). Because both NF-B and AP-1 play key roles in the inflammatory response, and LPS can stimulate both NF-B and AP-1 transcriptional activity (17) , we sought to test whether CRBN also regulates the inflammatory response through c-Jun.
To explore this possibility, we transfected the pcDNA3.1 or HA-CRBN plasmid with either control siRNAs or c-Junspecific siRNAs into Raw264.7 cells. Cells were then treated with DMSO or the NF-B inhibitors BAY11-7082 (BAY) or ammonium pyrrolidine dithiocarbamate (PDTC) 1 h prior to PBS or LPS treatment. 12 h post-stimulation, half of the cells were used to verify transfection efficiency (Fig. S5A ) and the other half was used for qPCR experiments (Fig. 5, A-D) . Western blot images exhibited a reduction of the c-Jun protein level upon CRBN expression in Raw264.7 cells (Fig. S5A) , in agreement with the data obtained from HEK293T cells (Fig. 1D) .
The qPCR results displayed several features. In the absence of LPS stimulation, the mRNA level for the tested pro-inflammatory cytokines (COX-2, iNOS, IL-1␤, and IL-6) was almost not altered by CRBN expression or c-Jun knockdown. Upon LPS stimulation, the mRNA of all tested cytokines was significantly elevated. When CRBN was expressed, their mRNAs were markedly reduced, similar as observed in Fig. 4B . However, when c-Jun was knocked down, their mRNA level was significantly reduced, and CRBN expression could still down-regulate their mRNA level, albeit to a slightly lesser degree (Fig. 5, A-D , LPS-treated samples). This result suggested that CRBN could regulate cytokine expression and that part of this regulation was modulated in a c-Jun-independent manner.
Next we tested whether CRBN regulated cytokine expression via the c-Jun/AP-1 pathway. We used two NF-B inhibitors to block the effect caused by activation of NF-B because LPS can also activate inflammation through the NF-B pathway (17, 18) . Indeed, upon addition of these inhibitors, the mRNA level of the cytokines after LPS stimulation was remarkably reduced but still significantly higher than that from PBS-treated samples. CRBN expression further attenuated their mRNA level. Most importantly, c-Jun knockdown completely eliminated the effect of CRBN on the regulation of cytokine expression (Fig. 5,  A-D) . In addition, upon NF-B inhibition, the mRNA level of cytokines in the CRBN-expressing sample was similar to that in the c-Jun knockdown sample, which was in agreement with the similar reduction of c-Jun protein level upon CRBN expression and c-Jun knockdown (Fig. S5A) . c-Jun knockdown by siRNA completely abolished the effect of CRBN expression in the presence of NF-B inhibitors. In addition, in the absence of these inhibitors, Crbn knockdown significantly increased the mRNA level of COX-2, iNOS, IL-1␤, and IL-6 in Raw264.7 cells upon LPS stimulation both for the mock or c-Jun knockdown samples (Fig. 5, E-H, and Fig. S5B ), indicating the presence of pathways other than the c-Jun/AP-1 pathway in CRBN-regulated inflammation. Pretreatment of cells with the NF-B inhibitor BAY11-7082 reduced the inflammatory response. Further knockdown of c-Jun completely eliminated the effect of CRBN on the inflammatory response (Fig. 5, E-H) . These results demonstrate that the modulation of cytokine expression by CRBN is, at least partially, regulated through c-Jun.
c-Jun reduces CRBN-mediated apoptosis induced by LPS
Because CRBN regulated the expression of cytokines induced by LPS, and LPS could modulate apoptosis through the JNK signaling pathway, we tested whether CRBN could regulate LPS-induced apoptosis. To do this, we first induced differentiation of human monocytic THP-1 cells using phorbol 12-myristate 13-acetate (PMA) and transfected the cells with the control or CRBN plasmid, respectively. 48 h post-transfection, cells were treated with PBS or LPS for 24 h, and cell lysates were used for immunoblot analysis. The results clearly indicated that LPS stimulation significantly enhanced the protein level of c-Jun and its downstream target COX-2 and that this enhancement was attenuated by CRBN expression (Fig. 6A) , suggesting the existence of the same regulatory mechanism in THP-1 cells as discovered in HEK293T and Raw264.7 cells. The cells were also stained with annexin V-FITC/propidium iodide (PI) and analyzed by flow cytometry. The data showed that the percentage of apoptotic cells (including early and late apoptotic cells) was not affected by CRBN transfection in the PBS-treated sample. When the cells were stimulated with LPS, the percentage of apoptotic cells for the mock-transfected samples was increased as expected. However, CRBN expression significantly reduced the apoptotic cells induced by LPS (Fig. 6,  B and C) . Together, these data demonstrated that CRBN could protect cells from LPS-induced apoptosis, which was in concert with the observation that the expression of cytokines was attenuated (or increased) in CRBN-expressing (or Crbn knockdown) Raw264.7 cells under LPS stimulation (Fig. 5) .
Because LPS can activate the JNK signaling pathway and lead to apoptosis, we explore whether CRBN regulates LPS-induced apoptosis through c-Jun. For this, we used siRNA to knock down c-Jun during transfection of the control or CRBN plasmid in THP-1 cells and then used BAY11-7082 to inhibit the NF-B pathway prior to LPS stimulation. Western blot analyses were (Fig. 7A) . Without BAY11-7082 treatment, the cells exhibited a similar degree of apoptosis as shown in Fig. 6B when transfected with the control or CRBN plasmid and control siRNAs upon LPS stimulation (Fig. 7B, first row) . In the presence of BAY11-7082, CRBN also significantly attenuated LPS-induced apoptosis, although the overall apoptosis level was lower than that in samples without BAY11-7082 treatment (Fig. 7, B, second row, and C) . When c-Jun was knocked down, the percentage of apoptotic cells was also decreased for cells transfected with the pcDNA3.1 plasmid (Fig. 7C) , indicating participation of the c-Jun signaling pathway in the regulation of LPS-induced apoptosis. However, when CRBN was expressed, the percentage of apoptotic cells was further reduced (Fig. 7, B, third row, and C) . This may be explained by the fact that siRNA did not completely eliminate 
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used to further confirm CRBN expression, c-Jun knockdown, and the regulation of c-Jun by CRBN
c-Jun or that LPS-induced apoptosis may also be influenced by other signaling pathways, such as the NF-B signaling pathway.
To eliminate the effect of the NF-B signaling pathway on LPSinduced apoptosis, we treated cells with BAY11-7082 prior to LPS stimulation. Although CRBN alone still reduced apoptosis (Fig. 7 , B, second row, and C), upon c-Jun knockdown, further expression of CRBN did not significantly alter the percentage of apoptotic cells (Fig. 7, B, fourth row, and C) . Taken together, these results suggest that c-Jun mediates the effect of CRBN on LPS-induced apoptosis.
To further validate this mechanism, we also carried out the above experiment in THP-1 cells in which CRBN was knocked down by siRNA. Western blot analysis demonstrated efficient knockdown of CRBN and c-Jun in THP-1 cells (Fig. 8A) . Similarly, without LPS stimulation, knockdown of CRBN and/or c-Jun did not affect cell apoptosis. Under mock knockdown, LPS stimulation significantly increased apoptotic cells, and pretreatment of cells with the NF-B inhibitor BAY11-7082 slightly reduced apoptotic cells. When CRBN was knocked down, overall apoptotic cells were significantly increased upon LPS treatment in the absence or presence of BAY11-7082 compared with mock knockdown samples. Further knockdown of c-Jun significantly decreased the percentage of apoptotic cells under LPS stimulation. After inhibiting the NF-B signaling pathway, although knockdown of CRBN alone increased apoptosis, upon c-Jun knockdown, further reduction of CRBN did not affect the percentage of apoptotic cells (Fig. 8, B and C) . Again, these data support the idea that the CRBN-regulated inflammatory response is at least partially mediated through c-Jun.
Discussion
One of the most extensively studied functions for CRBN is its role as a substrate receptor for the CRL4 E3 ligase, which recognizes specific targets for their ubiquitination and degradation. CRBN not only targets constitutive endogenous substrates but also recruits neosubstrates for ubiquitination by interacting with IMiDs, such as thalidomide and its structural analogs lenalidomide and pomalidomide, and forming a new substrate binding pocket (32) . These neosubstrates include two transcription factors, IKZF1 and IKZF3 (46, 47) , and casein kinase 1␣ (48) . Their ubiquitination and degradation induced by IMiDs is the molecular mechanism for the treatment of multiple diseases, such as myeloma and myelodysplastic syndrome with deletion of chromosome 5q (46 -48) . Although CRBN is the primary target of these IMiDs, whether the E3 activity of the CRL4-CRBN ligase regulates the inflammatory response has not yet been explored. Here, using biochemical approaches, we find that, together with DDB1, Cul4A, and ROC1, CRBN promotes the formation of the Lys 48 -linked polyubiquitin chains on c-Jun and enhances its proteasomal degradation. Therefore, CRBN reduces the c-Jun protein level and attenuates the transcriptional activity of the AP-1 transcription factor complex, in which c-Jun is the critical component. Using murine macrophage and human monocytic cell lines as model systems, we further discover that CRBN reduces the mRNA expression of pro-inflammatory cytokines downstream of the AP-1 signaling pathway and attenuates LPS-induced apoptosis. Together, our work reveals a new molecular mechanism by which CRBN suppresses inflammation and apoptosis under stress. In this mechanism, CRBN forms an E3 ligase with DDB1, Cul4A, and ROC1 to ubiquitinate c-Jun and regulate its proteasomal degradation, thus inhibiting the formation of the active AP-1 complex and reducing its transcriptional activity, leading to a reduced inflammatory response upon LPS stimulation (Fig. 9) .
Several reports have revealed that CRBN also has functions that are not associated with CRL4-CRBN E3 ligase activity. These functions are achieved through the regulation of protein-DNA or protein-protein interaction, which further affects downstream signaling pathways. For example, CRBN epigenetically suppresses the expression of the Kv1.3 potassium channel by its binding to the conserved DNA elements adjacent to the Kcna3 gene, thus limiting T cell activation and IL-2 production upon T cell receptor stimulation (49) . CRBN also exhibits a chaperone-like function that promotes maturation of CD147 and MCT1 and activation of the CD147-MCT1 transmembrane complex. Thalidomide and its structural analogs can compete their binding with CRBN and destabilize the CD147-MCT1 complex. Along with their function in the recruitment of neosubstrates for protein degradation, these IMiDs exhibit both teratogenic and pleiotropic antitumor effects (50) . Under UPS dysfunction, CRBN is recruited to the aggresome and exhibits cytoprotective roles in a neuronal cell line (51) . Further study reveals that CRBN interacts with sequestosome 1/p62 and prevents its interaction with polyubiquitinated proteins, thus reducing protein aggregates formed under proteasomal stress (42) . In that study, we also find that D. values were obtained from four technical replicates, and p values were calculated using Student's t test. Two biological replicates were performed, and similar results were obtained. **, p Ͻ 0.01; ns, not significant. Western blotting was used to confirm protein expression. B, CRBN attenuates the mRNA level of four inflammatory cytokines in LPS-induced Raw264.7 cells. Raw264.7 cells were transfected with the pcDNA3.1 or HA-CRBN plasmid using Lipofectamine 3000 transfection reagent for 36 h and then treated with PBS or LPS (200 ng/ml) for 12 h. Total RNAs were extracted 48 h after transfection, and the first-strand cDNA was synthesized. The relative mRNA level of four inflammatory cytokines was measured by qPCR. Means Ϯ S.D. were obtained from three technical replicates, and p values were calculated using Student's t test. The experiments were performed with three biological replicates, and similar results were obtained. *, p Ͻ 0.05; ***, p Ͻ 0.001. C, CRBN expression reduces iNOS and COX-2 protein levels upon LPS stimulation. The pcDNA3.1 or HA-CRBN plasmid was transiently transfected into Raw264.7 cells using Lipofectamine 3000 transfection reagent for 36 h, and cells were then treated with PBS (control) or LPS (200 ng/ml) for 12 h. Cell lysates were immunoblotted with the indicated antibodies. Means Ϯ SD were obtained from three biological replicates, and p values were calculated using Student's t test for samples treated with LPS. *, p Ͻ 0.05; **, p Ͻ 0.01. Only LPS-treated samples were used for quantification because the levels of iNOS and COX-2 proteins in the PBS-treated samples were too low to be accurately quantified. WB, Western blot. D, Crbn knockdown increases iNOS and COX-2 protein levels upon LPS stimulation. Raw264.7 cells were transiently transfected with siNC (negative control) or siCRBN using Lipofectamine 3000 transfection reagent. Cells and samples were treated and analyzed as described in C. *, p Ͻ 0.05. (41) . That and this work indicate that CRBN regulates the LPS-induced inflammatory response through both the nonenzymatic and the enzymatic functions of the CRL4-CRBN E3 ligases. These functions are involved in the regulation of two different types of ubiquitination in two opposite manners, inhibiting and promoting the ubiquitination of downstream signaling molecules. Based on the localization of these proteins, the reduction of TRAF6 and TAB2 ubiquitination by CRBN most probably occurs in the cytoplasm, whereas enhancement of CRBN-mediated c-Jun ubiquitination may happen in the nucleus. Therefore, CRBN can inhibit the inflammatory response in two different cellular compartments through two distinct molecular mechanisms. It should be noted that, although we used LPS as a stimulus to trigger the inflammatory response in this work, CRBN may also protect cells from inflammation induced by other triggers, such as TNF␣ and transforming growth factor ␤, that activate c-Jun/ AP-1 and/or TRAF6/TAK1 signaling pathways (52, 53) . Our experiments and several previous publications have demonstrated that CRBN exhibits protective roles against cell death upon activation of inflammation and under a variety of stresses but not under basal conditions, suggesting that it might be a more prevalent phenomenon that CRBN plays regulatory roles in response to stresses.
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Activation of the AP-1 signaling pathway can regulate many cellular processes, such as cell survival and death (25) . In this signaling pathway, c-Jun can modulate the expression of both pro-apoptotic and anti-apoptotic genes, such as FasL, Bim, Bcl3, and Fas, through the transcriptional activity of the AP-1 complex. The overall effect of these gene products determines whether cells undergo survival or apoptosis. These effects may be cell type-, developmental stage-, and stimulus-specific (25) . Our work discovered that CRBN could negatively regulate the c-Jun protein level under LPS stimulation, suggesting that CRBN regulates cell survival and cell death under certain circumstances. It has been reported that LPS induces apoptosis of (Fig. S5A) . Means Ϯ SD were obtained from four technical replicates, and p values were calculated using Student's t test. Two biological replicates were carried out, and similar results were obtained. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; ns, not significant. A, iNOS. B, COX-2. C, IL-1␤. D, IL-6. E-H, Raw264.7 cells were transfected with siNC or siCrbn with siNC or sic-Jun using Lipofectamine 3000 transfection reagent for 36 h. Cells were then pretreated with DMSO or the NF-B inhibitor BAY (15 M) for 1 h prior to treatment with PBS or LPS (200 ng/ml, 12 h). mRNA and data were analyzed as described in A-D. Knockdown efficiency was evaluated by Western blotting (Fig. S5B) . Means Ϯ SD were obtained from four technical replicates, and p values were calculated using Student's t test. Two biological replicates were carried out, and similar results were obtained. * E, iNOS. F, COX-2. G, IL-1␤. H, IL-6 . 
both undifferentiated and differentiated THP-1 cells (54) . Several studies have demonstrated that the JNK signaling pathway is activated in LPS-induced apoptosis (27, 28) . Indeed, our experiments also indicate that, under normal physiological conditions, c-Jun is not activated, and, therefore, apoptosis is maintained at a very low level, independent of CRBN expression. However, CRBN can significantly attenuate apoptosis of monocytic cells under LPS stimulation. Our data further revealed that c-Jun knockdown diminished the effect of CRBN on LPS-stimulated apoptosis. Indeed, in a neuronal cell line, CRBN also exhibited a cytoprotective effect against the UPS dysfunction-induced cell death, although the detailed molecular mechanism was not provided (51) . Taken together, these results demonstrated that CRBN regulated apoptosis under different stresses through multiple signaling pathways, dependent and independent of the activity of the CRL4-CRBN E3 ligase.
Experimental procedures
Materials
Human embryonic kidney (HEK) 293 cells, HEK293T cells, murine macrophage Raw264.7 cells, and human monocytic THP-1 cells were cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum CRBN suppresses the inflammatory response Plasmids c-Jun was amplified from total RNA obtained from HEK293T cells and cloned to the pcDNA3.1 vector with an SF tag at the N terminus. HA-CRBN, GFP-CRBN, and CRBN mutants were subcloned from a CRBN plasmid obtained previously (34) . Myc-Ub and HA-Ub (WT, K48R, and K63R) plasmids were from Dr. Xinliang Mao at Soochow University, the glutathione S-transferase-DDB1 plasmid was from Dr. Feng Rao at Southern University of Science and Technology, the FLAG-Cul4A and Cul4A(⌬) plasmids were from Dr. Pengbo Zhou at Weill Cornell Medical College, and the pGL3-AP-1 firefly luciferase reporter plasmid was from Dr. Guanghui Wang at Soochow University.
CRBN suppresses the inflammatory response
Mass spectrometry analysis
Protein quantification was carried out using the stable isotope labeling of amino acids by cell culture technique (55, 56) . HEK293T cells expressing GFP (control) or CRBN/GFP (experimental) were prepared according to a method published previously (34 . The same numbers of cells from control and experimental samples were mixed, lysed, and digested with trypsin. The resulting peptide samples were analyzed by MS as described previously (57) . Peptide quantification was obtained from the relative intensity of MS peaks from light medium-and heavy medium-cultured cells. Two biological replicates were performed to obtain confident quantification.
Immunofluorescence
Immunofluorescence measurements were carried out according to a method published previously (58) . Briefly, SF-c-Jun was cotransfected with either the GFP or GFP-CRBN plasmid into HEK293 cells. Cells were washed, fixed, permeabilized, blocked, incubated with an anti-FLAG (mouse) antibody, and washed with TBST (TBS with 0.1% Tween 20) three times. Cells were further incubated with Alexa Fluor 594 donkey anti- mouse IgG (red fluorescence) and washed again. Cells were stained with Hoechst, and images were taken under an inverted microscope.
CHX treatment
The pcDNA3.1 (control) or HA-CRBN plasmid was transiently transfected into HEK293T cells. Cells were equally split to 6-well plates 6 h after transfection. 48 h after transfection, cells were treated with CHX (200 g/ml, Sigma) for the indicated time, washed with ice-cold PBS, and lysed in modified RIPA buffer (150 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 1 mM EDTA) containing freshly added protease inhibitor mixture (Selleck, B14012) with brief sonication to obtain cell lysates for immunoblot analyses.
Affinity purification
SF-c-Jun was purified with the Strep-Tactin-agarose beads. Cell lysate was incubated with prewashed Strep-Tactinagarose beads (IBA) at 4°C overnight. The beads were centrifuged at 900 ϫ g for 1 min and washed with the modified RIPA buffer and RIPA buffer containing 300 mM NaCl, each three times. SF-c-Jun and its interacting proteins were eluted with 5 mM desthiobiotin twice, each time with a 30-min gentle incubation. The eluate was combined for subsequent analyses.
c-Jun and CRBN antibodies were used for immunoprecipitation of endogenous proteins according to a procedure described previously (59) . Briefly, cell lysates were precleared with protein A/G-agarose beads and incubated with 1.6 g of control IgG, c-Jun, or CRBN antibodies at 4°C for 16 h. Prewashed protein A/G-agarose beads (40 l) were mixed with the above cell lysate and incubated at 4°C for 4 h. The protein A/G-agarose beads were washed three times with TBST and once with modified RIPA buffer, and proteins were eluted by heating the beads with 80 l of 2ϫ SDS sample loading buffer.
siRNA
The control siRNAs (ID 35164) and CRBN and c-Jun siRNAs were synthesized by GenePharma or RiboBio Co. The siRNA sequences were as follows: mouse siCRBN, 5Ј-CAGUGUCUC-AUGUACAUAUCCAUGA-3Ј (sense) and 5Ј-UCAUGGAUA-UGUACAUGAGACACUG-3Ј (antisense); human siCRBN 1, 5Ј-CCCAGACACUGAAGAUGAAAU-3Ј (sense) and 5Ј-AUU-UCAUCUUCAGUGUCUGGG-3Ј (antisense); human siCRBN 2, 5Ј-CAGCUUAUGUGAAUCCUCAUGGAUA-3Ј (sense) and 5Ј-UAUCCAUGAGGAUUCACAUAAGCUG-3Ј (antisense); human sic-Jun, 5Ј-CCUUCUAUGACGAUGCCC-UTT-3Ј (sense) and 5Ј-AGGGCAUCGUCAUAGAAGGTT-3Ј (antisense); mouse sic-Jun, 5Ј-GGCACAGCUUAAACAGAA-ATT-3Ј (sense) and 5Ј-UUUCUGUUUAAGCUGUGCCTT-3Ј (antisense). Raw264.7 cells cultured in 12-well plates were transfected with siRNA (200 pmol) using Lipofectamine 3000 transfection reagent (Life Technologies) according to the manufacturer's instructions. The culture medium was changed 12 h after transfection. Cells were treated further and collected for subsequent experiments.
Western blot analysis
Cell lysates or affinity-purified samples were mixed with appropriate amounts of 5ϫ SDS sample loading buffer, boiled, centrifuged, and separated on SDS-PAGE. Proteins were transferred to a polyvinylidene difluoride membrane, which was further blocked with 5% nonfat milk in TBST, incubated with the indicated primary and secondary antibodies, and washed with TBST three times after each antibody incubation. Proteins on the membrane were visualized with Immobilon Western chemiluminescent HRP substrate (Millipore), and signals were recorded in a ChemiDoc (Bio-Rad) or Tanon 5200 imaging system.
qPCR
Total RNA was isolated from Raw264.7 cells using TRIzol reagent (Vazyme), and mRNA was reverse-transcribed into cDNA with a HiScript II Q RT SuperMix kit (Vazyme) according to the manufacturer's instructions. qPCR was performed on an Applied Biosystems 7500 real-time PCR system using the Biotool 2ϫ SYBR Green qPCR Master Kit. The qPCR primers were synthesized by Sangon Biotech Co. The primer sequences were as follows: COX-2, 5Ј-CAGTTTATGTTGTCTGTCCA-GAGTTTC-3Ј (forward) and 5Ј-CCAGCACTTCACCCATC-AGTT-3Ј (reverse); iNOS, 5Ј-GAACTGTAGCACAGCACA-GGAAAT-3Ј (forward) and 5Ј-CGTACCGGATGAGCTGTG-AAT-3Ј (reverse); IL-1␤, 5Ј-GTTCCCATTAGACAACTGCA-CTACAG-3Ј (forward) and 5Ј-GTCGTTGCTTGGTTCTCC-TTGTA-3Ј (reverse); IL-6, 5Ј-CCAGAAACCGCTATGAAG-TTCC-3Ј (forward) and 5Ј-GTTGGGAGTGGTATCCTCTG-TGA-3Ј (reverse); ␤-actin, 5Ј-GTCAGGTCATCACTATCGG-CAAT-3Ј (forward) and 5Ј-AGAGGTCTTTACGGATGTCA-ACGT-3Ј (reverse). ␤-Actin was used as the control. All qPCR experiments were repeated for the indicated times, and p values were calculated using Student's t test.
Luciferase reporter assay
The pcDNA3.1 or HA-CRBN plasmid along with the pGL3-AP-1 firefly luciferase reporter plasmid and the Renilla luciferase control reporter vector was transfected into Raw264.7 cells using Lipofectamine 3000 transfection reagent. pcDNA3.1 was used to balance the total amount of plasmids. 36 h post-transfection, cells were stimulated with PBS (control) or LPS (200 ng/ml) for 12 h and lysed in passive lysis buffer. The bioluminescence signals were measured with the Dual-Luciferase reporter assay system (Promega) after sequential addition of luciferase assay reagent II and Stop & Glo reagent. The signal from the firefly luciferase reporter gene was normalized to that of the Renilla luciferase control reporter vector. The data obtained from the pcDNA3.1 control samples were set to 1 to obtain the relative luciferase signal.
Flow cytometry analyses
Human monocytic THP-1 cells were first cultured with medium containing PMA (50 ng/ml) in 12-well plates for 24 h. Then some wells of the differentiated cells were transfected with the pcDNA3.1 or HA-CRBN plasmid using PEI transfection reagent. 48 h post-transfection, cells were treated with PBS CRBN suppresses the inflammatory response or LPS (40 g/ml) for 24 h. Other wells of the differentiated cells were transfected with the corresponding plasmids or siRNAs using Lipofectamine 2000 transfection reagent. Then cells were pretreated with DMSO or the NF-B inhibitor BAY11-7082 (20 M) for 1 h before LPS stimulation (40 g/ml, 24 h). Cells were collected along with supernatant, washed with ice-cold PBS three times, and stained with an annexin V-FITC/PI apoptosis detection kit (MultiSciences) according to the manufacturer's instructions. Cells were further analyzed by flow cytometry (Beckman Coulter FC500 or BD FACSVerse).
